INTRODUCTION
The humpback whale Megaptera novaeangliae is a globally distributed, highly mobile species that typically undertakes long annual migrations between energy-rich, high-latitude summer feeding grounds and low-latitude winter breeding and calving grounds (Dawbin 1966 , Clapham & Mead 1999 . While humpbacks are arguably one of the most wellstudied large whales in the world, habitat use and within-season movements are poorly understood range-wide, particularly in remote, offshore regions such as the Bering Sea. Most of our existing knowledge of North Pacific humpback whale distribution is the result of historical whaling data analysis together with modern photo-identification, genetic markrecapture (Baker 1985 , Darling & McSweeney 1985 , Perry et al. 1990 , Baker et al. 1998 , Calambokidis et al. 2001 and line-transect studies (Moore et al. 2002 , Zerbini et al. 2006a . A large-scale, oceanbasin-wide mark-recapture study, (Calambokidis et al. 2008 , Barlow et al. 2011 ); however, SPLASH and similar studies yield only coarse-scale distribution and abundance information and are limited by low spatial and temporal effort. Here we present the first fine-scale humpback whale telemetry data collected from the eastern Aleutian Islands and Bering Sea feeding grounds.
Since predation by killer whales Orcinus orca on humpback whales in high-latitude feeding areas is rare (Dolphin 1987 , Mehta et al. 2007 , the latter's distribution in the North Pacific is almost certainly driven by prey abundance. Humpbacks feed on discrete, variable patches of small fish or eupausiids (Nemoto 1957 , 1962 , Krieger & Wing 1984 in a nearly continuous arc from Russia to the western coast of the USA, within 5 loosely defined feeding areas: California and Oregon, Northern Washington and British Columbia, Southeast Alaska, Northern Gulf of Alaska, Aleutian Islands/Bering Sea, and waters off the Russian mainland and Commander Islands (Calambokidis et al. 2001 , Fleming & Jackson 2011 . Humpback distribution in the eastern Aleutian Islands/Bering Sea feeding grounds is thought to be related to proximity of the nearest passes, which are dominated by strong tidal currents and mixing (Reed & Stabeno 1994 , Byrd et al. 2005 , Sinclair et al. 2005 . Eddies and fronts generated by water circulating through these passes create reliable prey aggregations between Unimak and Samalga Passes each year (Coyle 2005 , Ladd et al. 2005a .
As in other well-studied humpback populations (Katona & Beard 1990 , Baker et al. 1990 , Clapham et al. 1993 , maternally directed site fidelity is a key factor driving North Pacific feeding area selection (Baker 1985 , Darling & McSweeney 1985 , Waite et al. 1999 , Calambokidis et al. 1996 , 2008 , Witteveen et al. 2009 , Riley 2010 . A number of photo-identification and genetic mark-recapture studies have described some interchange between eastern Aleutian Islands humpbacks and Kodiak (Alaska) whales, but there is little documented interchange between the Aleutians and more southerly feeding stocks (Darling & McSweeney 1985 , Baker 1985 , Baker et al. 1987 , Calambokidis et al. 1996 , 2008 , Waite et al. 1999 , Riley 2010 ). Due to low humpback survey effort throughout most of the Bering Sea (particularly offshore), there is insufficient data to say whether eastern Aleutian Island humpbacks can be considered a discrete feeding aggregation from the rest of the Bering Sea. However, scant existing data (Omura & Ohsumi 1964, present study) suggests that eastern Aleutian Island humpbacks also visit unstudied areas throughout the Bering Sea. The scope of this longdistance, within-season movement variation is currently unknown.
In the past decade, satellite telemetry studies have consistently yielded fine-scale individual movement data that cannot be obtained, or even predicted, through other methods (e.g. Mate et al. 1998 , Heide-Jørgensen et al. 2006 , Horton et al. 2011 , Zerbini et al. 2011 . For this descriptive study, we use data from satellite tags attached to humpback whales off Unalaska Island (in the eastern Aleutian Islands) during the summers of 2007 to 2011 to describe their fine-scale movement and foraging patterns in a North Pacific humpback whale feeding ground.
MATERIALS AND METHODS

Study area
The eastern Aleutian Island region lies between Samalga Pass and Unimak Pass (between 54°20' N, 164°55' W and 53°46' N, 169°15' W) to the west of mainland Alaska (Fig. 1) . Unimak Pass is the first major pass encountered by the westward-flowing Alaska Coastal Current (Royer et al. 1979 , Ladd et al. 2005a and is dominated by high water flow and mixing. The resulting water property fronts, together with current, bathymetry, depth and slope, structure the nearby ecosystem to consistently concentrate prey in coastal waters of the eastern Aleutian Islands (Ladd et al. 2005a,b) . Aside from the relatively high density of humpbacks in that area, Unalaska Bay was the tagging site during all 5 summers of the study because of its protected waters and proximity to Dutch Harbor (Alaska).
Satellite telemetry and tagging
Nine whales were tagged with the deep implantable configuration of the SPOT5 transmitter (Wildlife Computers), and 1 whale (2009) was tagged with a low impact minimally percutaneous externalelectronic transmitter (LIMPET) tag (An drews et al. 2008 , Schorr et al. 2009 ). Deep implantable tags were attached to the blubber and fascia/muscle layer of the whale's body using a fiberglass pole (Heide-Jørgensen et al. 2003 , Zerbini et al. 2006b ) and/or a custom-modified pneumatic line thrower (Air Rocket Transmitter System; Heide-Jørgensen et al. 2001). The LIMPET tag was de ployed using a compound crossbow. Tags were duty-cycled to transmit every day for 6 h during daytime and 6 h during nighttime for the first 3 mo of transmission. After the first 3 mo, the transmitters were programmed to transmit every other day, following the same duty cycle, to conserve the battery life of the tag. Satellite tags were monitored by Argos Data Collection and Location Service receivers on NOAA TIROS-N weather satellites (Argos 1990) , and locations were calculated by Argos, from Doppler-shift data when multiple messages were received during a satellite's passage overhead, using the standard least-squares filtering method. The Argos Filter (Freitas 2010) was then applied to all Argos observed locations in the software R (R Development Core Team 2011) in order to remove locations that implied extreme, unlikely deviations from the track's path.
Switching state-space model
A Bayesian switching state-space model (SSSM) (Jonsen et al. 2007 ) was applied to all Argos filtered data to estimate a position every 12 h. The SSSM uses a first-difference correlated random walk (DCRW) model (Jonsen et al. 2005) to simulate the whale's movement process and assumes a correlated random walk on the differences between locations. The model was fit using R and WinBUGS software (Lunn et al. 2000 , Spiegelhalter et al. 2003 . Two chains were run in parallel, producing a total of 40 000 Markov chain Monte Carlo (MCMC) samples each. The first 20 000 samples were discarded as burn-in, and 1 out of every 20 remaining samples was retained (in order to reduce autocorrelation), for a total of 1000 samples to form the posterior distribution of model parameter estimates.
In order to quantify discrete behavioral modes, the DCRW model we used incorporated an index based on mean turning angle and speed/direction autocorrelation parameters. Behavioral modes are estimated from the means of the MCMC samples within the model, producing continuous variables between 1 and 2; higher values represent higher turning angle and speed/direction variability. Modes are then classified (conservatively) as follows: behavioral mode 1 (1−1.25) assumes a low turning angle and speed/direction variability and is classified as transit behavior, and behavioral mode 2 (1.75−2) corresponds to higher turning angles and speed/direction variability, and is classified as area-restricted search (ARS). Unclassified behavior mode values fall between 1.25 and 1.75. 23: 187-195, 2014 While it is impossible, without real-time confirmation, to be certain that all ARS classifications are indicative of active foraging, the slower speed and higher turning angles observed during ARS generally correspond to foraging behavior in marine predators (Kareiva & Odell 1987 , Mayo & Marx 1990 . Therefore, for the sake of this discussion, ARS will be referred to hereafter as 'foraging'.
RESULTS
A total of 10 tags were deployed on humpback whales in August and September of 2007 through 2011 in Unalaska Bay, Alaska (Fig. 1) . Judged by their size and behavior, all tagged whales were identified as adults, and no tagged whales were associated with a calf. One tag transmitted intermittently for only 3 d and is not considered further in this study. Another tag was deployed but did not transmit, for unknown reasons. ), and spent a significant portion of their time foraging (Table 1 ). All but one whale (Whale G) remained relatively close to the tagging location for the period they were monitored (Fig. 2) . Tagged whales visited habitats on the Bering Sea (north) side of the Aleutian Islands more often than the North Pacific (south) side, yet 2 whales traveled through Umnak Pass and spent brief periods foraging in the North Pacific. The tagged animals largely remained over shelf and slope habitat (1000 m or shallower) (Figs. 2 & 3) .
In 2007, Whale A made a trip west to the Island of Four Mountains and returned to the northern side of Umnak Island over a period of 28 d. This animal spent 98% of its time foraging. The other whale tagged on the same day in 2007 (Whale B) explored presumed feeding areas to the east of the tagging location, crossing Unalaska Bay and Unimak Pass before transmissions ceased (Fig. 2) . In 2008, Whale C traveled nearly 3 times farther than the other whale tagged on the same date (Whale D). After tag deployment, Whale C traveled east to Unimak Pass, then west to Unalaska Bay for several days, then farther southwest to the Pacific side of Umnak Pass (Fig. 2) . This animal spent 68% of its time foraging. Whale D, however, remained within 50 km of Unalaska Bay for the duration of the tag transmissions, spending 99% of the time foraging The 2 whales tagged in 2010 showed the most marked variation in movement observed throughout the study. Whale F (Fig. 2) 
DISCUSSION
Telemetry data from this study largely support the findings of historical and current studies (Moore et al. 2002 , Zerbini et al. 2006a , Calambokidis et al. 2008 , Riley 2010 ) that have shown that humpback whales congregate in the shallow, highly productive coastal waters north of the eastern Aleutian Islands, between Unimak and Samalga Passes (Fig. 1) . The extremely high proportion of foraging (Table 1) within the narrow band 200 km east and west of Unalaska Bay further emphasizes the importance of the waters off the eastern Aleutian Islands for humpback whales (Figs. 3 & 4) . However, the spatial and temporal movement variation evident in these telemetry data suggests that whales are making individual decisions about fine-scale movement and that these decisions can lead to long-distance travel to remote, understudied habitats within a feeding season.
There is an abrupt division of water mass properties at Samalga Pass (200 km west of Dutch Harbor): waters east of the pass are consistently warmer and fresher, with significantly higher primary productivity than those to the west (Ladd et al. 2005a ,b, Mordy et al. 2005 , Hunt et al. 2010 . Correspondingly, the highest concentrations of humpback sightings along the Aleutian chain have consistently occurred from Samalga Pass east to Unimak Pass (Moore et al. 2000 , Hunt & Stabeno 2005 , Zerbini et al. 2006a , Calambokidis et al. 2008 , Friday et al. 2013 , with very few humpbacks seen west of Samalga Pass. Telemetry data align with those findings; only 1 tagged animal traveled west of Samalga Pass for 3 d in 2007, but it looped back to the northern side of Unalaska Island without lingering in the pass itself (Figs. 2 & 3) . Additionally, Whales B, C and F spent several days (presumably foraging) just north of Umnak Island, as well as in Umnak Pass (Fig. 3) . Previous surveys near Umnak Island have shown low humpback encounter rates (Zerbini et al. 2006a , Riley 2010 ), yet telemetry data from this study suggest that this area may be used more often than previously thought.
The majority of foraging behavior occurred over the shelf/slope habitat (1000 m or less) on the Bering Sea side of the Aleutian Island chain, rather than the bathymetrically similar North Pacific side (Fig. 3) . This preference for the northern side of the Aleutian Islands has also been observed in previous visual surveys (Zerbini et al. 2006a, National Marine Mammal Laboratory unpubl. data) , and is likely the result of the oceanographic processes that create consistent prey concentrations just west of Unimak Pass (Ladd et al. 2005a ,b, Mordy et al. 2005 . Although the Bering Sea shelf/ slope area appears to be used more often, Mate et al. (2007) tracked 2 whales from Hawaii to the Pacific side of the Aleutian Islands; one of those tagged whales stayed on the shelf/ slope south of Umnak for 59 d. Additionally, 2 whales from the present study (Whales C and F) also travelled through Umnak Pass to forage in the Pacific in different years (Fig. 3) . Finescale oceanographic and biological productivity studies are needed to help describe conditions that warrant the use of this historically less-productive habitat.
Vessel surveys conducted throughout the Bering Sea in 2002, 2008 and 2010 recorded an increase in humpback sightings (as well as overall cetacean diversity and density) in 2010 in the Pervenets and Navarin canyons when compared with other survey years (Brueggeman et al. 1984 , Friday et al. 2013 . The increased cetacean sightings in this area in 2010 corresponded with the track of Whale G, who spent several days foraging in Navarin Canyon that same year (Fig. 4) . Interestingly, the animal initially traveled through the canyon 11 d earlier without stopping to forage, but then looped back to forage there for 3 d before transmissions ceased (Fig. 4) . The extent of use of these submarine canyons in the Bering Sea is unknown, but these data suggest that the canyons along the Bering Sea shelf break may represent important humpback whale foraging habitat.
Average daily distances traveled during this study were similar to those observed on other feeding grounds (Heide-Jørgensen & Laidre 2007 , Dalla Rosa et al. 2008 , with the exception of Whale G, who traveled more than 2 times faster and farther than the average speed and distance of the 7 other tagged whales (Figs. 2 & 4) . The speed and distance traveled by Whale G more closely resemble migratory travel rates than foraging rates (Mate et al. 1998 , Zerbini et al. 2006b , Garrigue et al. 2010 ), yet the late-summer sighting (August) and the fact that Whale G was tagged while part of a large, surface-feeding group make it unlikely that this animal was still migrating so late in the season (August). Heide-Jørgensen & Laidre (2007) recorded comparable speeds within a feeding Other long-distance travel events, across feeding aggregations, have been documented through photoidentification in the Gulf of Maine, yet 95% of those across-aggregation resightings occurred within 550 km of their original sighting location (Stevick et al. 2006) . Similarly, in the North Pacific, less than 1% of all whales photographed on a feeding ground during the SPLASH project (n = 4328) were re-sighted more than 740 km from their original sighting (Calambokidis et al. 2008) . Furthermore, only 2 individually identified humpbacks (out of hundreds) seen in the Bering Sea and/or the Aleutian Islands were resighted elsewhere during SPLASH; one was seen in southeastern Alaska, and one in the northern Gulf of Alaska (Calambokidis et al. 2008) . Although humpbacks are commonly seen off the Chukotka Peninsula (Russia) (Tomilin 1937 , Omura & Ohsumi 1964 , there have been no photo-identification matches between eastern Aleutian Island and Chukotka humpbacks, probably due to the near-total lack of this type of study effort in the latter area. However, Omura & Ohsumi (1964) documented a humpback whale tagged with a Discovery mark near Unimak Pass that was recovered by a Japanese whaling vessel 8 yr later off Chukotka. The Omura & Ohsumi (1964) record and the telemetry data from 2010 prove that at least some whales that feed along the eastern Bering Sea shelf and slope also visit the eastern coast of Russia. Long-distance movement variation like this has the potential to bias any population density estimate (Hammond et al. 1990 , Friday 1997 , Punt et al. 2007 , and the scope of this phenomenon within the Bering Sea warrants further investigation.
The impact of anthropogenic injury or mortality on humpback whales throughout the Bering Sea is not well known, but fishing gear entanglements and ship strikes have been observed throughout Alaskan waters (Angliss & Outlaw 2008 , Neilson et al. 2012 . Although Unalaska Bay has been a heavily trafficked fishing port for many years, human activity between the Aleutian Islands and the Chukchi Sea will likely increase as newly opened oil and gas lease areas in the Alaskan Arctic are developed. Telemetry data from this study high light the overlap of humpback whale foraging habitat with areas of heavy shipping and fishing vessel traffic, such as Unalaska Bay and Unimak Pass, and management strategies should incorporate these results in order to strengthen their current conser vation policies. 
